Among genes conserved from bacteria to mammals are those involved in replicating and repairing DNA. Following the complete sequencing of four hemiascomycetous yeast species during the course of the Génolevures 2 project, we have studied the conservation of 106 genes involved in replication, repair, and recombination in Candida glabrata, Kluyveromyces lactis, Debaryomyces hansenii, and Yarrowia lipolytica and compared them with their Saccharomyces cerevisiae orthologues. We found that proteins belonging to the replication fork and to the nucleotide excision repair pathway were-on the average-more conserved than proteins involved in the checkpoint response to DNA damage or in meiotic recombination. The meiotic recombination proteins Spo11p and Mre11p-Rad50p, involved in making meiotic doublestrand breaks (DSBs), are conserved as is Mus81p, involved in resolving meiotic recombination intermediates. Interestingly, genes found in organisms in which DSB-repair is required for proper synapsis during meiosis are also found in C. glabrata, K. lactis, and D. hansenii but not in Y. lipolytica, suggesting that two modes of meiotic recombination have been selected during evolution of the hemiascomycetous yeasts. In addition, we found that SGS1 and TOP1, respectively, a DEAD/DEAH helicase and a type I topoisomerase, are duplicated in C. glabrata and that SRS2, a helicase involved in homologous recombination, is tandemly duplicated in K. lactis. Phylogenetic analyses show that the duplicated SGS1 gene evolved faster than the original gene, probably leading to a specialization of function of the duplicated copy.
Introduction
A common concern of all living organisms is how to replicate, maintain, and transfer to the next generation an intact pool of chromosomes. For that reason, they have developed a number of partly redundant machineries in order to ensure proper duplication and repair of their genome content. Proteins involved in these machineries are most of the time conserved during evolution from bacteria to mammals (Cann and Ishino 1999; Lindahl and Wood 1999; Pâques and Haber 1999; Zhou and Elledge 2000; Burgers et al. 2001) . However, constraints are clearly different between organisms with small and compact genomes and those with large genomes containing numerous repetitive elements. Constraints are also different between unicellular organisms with short generation times and metazoans. Finally, constraints are different between organisms going through a mode of sexual reproduction followed by meiosis and those whose reproduction mode is asexual. During the course of the Génolevures 2 project (Dujon et al. 2004) , four hemiascomycetous yeast species were fully sequenced. Candida glabrata is a pathogenic yeast, the second causative agent of human candidiasis, phylogenetically related to Saccharomyces cerevisiae (Bennett, Izumikawa, and Marr 2004) . Kluyveromyces lactis is also related to S. cerevisiae and has been used for genetic studies or industrial applications like the production of b-galactosidase (Bolotin-Fukuhara et al. 2000) . Debaryomyces hansenii is a marine yeast that can tolerate high salinity levels, phylogenetically close to the pathogenic Candida albicans (Lépingle et al. 2000) . Yarrowia lipolytica is a more distantly related yeast, able to grow as individual yeast cells or as a mycelium (Casarégola et al. 2000) . The evolutive distance between S. cerevisiae and Y. lipolytica, measured as the amino acid divergence between proteins, is comparable to the entire phylum of Chordates (Dujon et al. 2004 ). However, genome sizes and general organization are comparable among the five hemiascomycetes sequenced. Hence, constraints on DNA replication and repair should be similar, and any difference detected should reflect a mechanistic difference between such machineries. In the present work, we have analyzed the genomes of the four newly sequenced hemiascomycetous yeasts to look for the presence of 106 genes known to be involved in replication, repair, and recombination in S. cerevisiae. We found that some machineries are very well conserved whereas others have diverged more rapidly. In addition, two genes (SGS1 and TOP1) are duplicated in C. glabrata and one (SRS2) is duplicated in K. lactis.
Materials and Methods

Analysis of Gene Families
We started from protein families built from sequence similarities during Génolevures 2 (Dujon et al. 2004) (http://cbi.labri.fr/Genolevures). When a family contained only five members and one gene per sequenced species, we considered that this gene was the correct orthologue of the S. cerevisiae gene. This happened in 41 cases out of 106. In the three cases of larger gene families (the RFC, RPA, and MCM families, containing altogether 14 genes), orthologues could not be chosen among paralogues based on sequence similarity but were determined based on synteny conservation. No homologue to a S. cerevisiae gene was found in any species in only three cases. Finally, in the remaining 48 cases, more than one gene matched with the S. cerevisiae gene in at least one sequenced species. In these cases, we used three different criteria to select the correct putative orthologue. First, we performed global alignments using the Needleman-Wunsch algorithm and rejected all alignments with less than 20% identity, unless a portion of the protein showed a very strong similarity to the S. cerevisiae protein. Second, we looked for synteny conservation between the S. cerevisiae gene and the corresponding gene in a region covering 10 genes upstream and 10 genes downstream. Synteny was considered conserved if at least three genes (including the query) were conserved in the correct order. Evidence of synteny was found in 171 cases out of 240 (63 cases out of 64 for C. glabrata, 54 out of 60 for K. lactis, 38 out of 65 for D. hansenii, and 16 out of 51 for Y. lipolytica). In six cases, synteny conservation was not found with S. cerevisiae but with at least another species. Third, a possible conserved motif was searched using the Conserved Domain Database (CDD) (http://www.ncbi.nlm.nih.gov:80/structure/cdd/cdd.shtml). If none of these three approaches gave a significant result, the corresponding gene was discarded. In the three cases of species-specific gene duplication (SGS1, TOP1, and SRS2), multiple alignments of the homologues in the five species were performed using ClustalW. We also performed tBlastn searches using the orthologue sequence in the closest species as the query sequence. This approach detected five novel orthologues not found by previous methods. In addition, we used PSI-Blast (on the National Center for Biotechnology Information [NCBI] server, with E value threshold 5 0.1, restricted to fungal genomes) to look for S. cerevisiae genes absent in C. glabrata and K. lactis, but we did not find any sequence similar to them. Finally, in 10 specific cases (RFA3, RAD28, LIF1, LIF2/NEJ1, MEI4, MER1, REC104, SAE3, SPO13, and TAM1/NDJ1), when no orthologue was found by the above methods in one or more species, we tried to detect degenerate homologues using the possible synteny conservation with S. cerevisiae. For example, RFA3 (YJL173c) is located between YJL172w and YJL174w in S. cerevisiae. We examined the DNA sequence between these two genes in D. hansenii in order to find a possible degenerate orthologue. When a gene was found at the expected position, we tried to align its sequence with the S. cerevisiae gene. Using this method, we found a possible orthologue in only one case, TAM1/NDJ1 in K. lactis. All the results are summarized in table 1 and  the supplementary table. Calculation of the Mean Conservation of S. cerevisiae Gene Products and Their Orthologues in the Four Other Genomes A predicted gene from a given genome (Cagl, Klla, Deha, or Yali) was considered orthologous to a S. cerevisiae gene if it was found in a region of conserved synteny between the two genomes. Using this criterion, 3,935 orthologues were found with C. glabrata, 3,440 with K. lactis, 279 with D. hansenii, and 107 with Y. lipolytica. The percentage of amino acid identity between a given S. cerevisiae gene and its corresponding orthologue was obtained from the Smith-Waterman alignment between the two sequences. Means were calculated using these values. For construction of synteny maps and precise parameters used for alignments see Dujon et al. (2004) .
Phylogenetic Analyses
Multiple alignments of amino acid sequences were performed using T-coffee (Notredame, Higgins, and Heringa 2000) . Gaps and poorly aligned sequences were excluded from alignments using Gblocks (Castresana 2000) . Tree reconstruction was performed by the maximum likelihood algorithm as implemented in PHYML (Guindon and Gascuel 2003) . The substitution process was modeled by the Jones, Taylor, and Thornton (JTT) model, the heterogeneity of substitution rates among sites was modeled by a gamma distribution, with four categories and a parameter estimated from the data set. Tree topology and support of internal branches were inferred by 500 bootstrap calculations. Calculations of the nonsynonymous/synonymous substitution rate ratio (x 5 Dn/Ds) were performed with the maximum likelihood method (Goldman and Yang 1994) implemented in the PAML package version 3.14 (Yang 1997) .
Results
In order to study the evolution of DNA replication, repair and recombination pathways among five completely sequenced yeast genomes, we studied the conservation of 106 different S. cerevisiae genes, selected on their known function as deduced from genetics or biochemistry. Out of 106 genes, 101 have orthologues in C. glabrata, 100 in K. lactis, 85 in D. hansenii, and only 70 in Y. lipolytica (table 1 and supplementary table) . The only five genes not detected in C. glabrata are involved in meiotic recombination and nonhomologous end joining (NHEJ). In Y. lipolytica, one or more gene is not detected in each pathway, except in the nucleotide excision repair (NER) pathway. When a gene is not found, it means either that the gene is not present in the considered organism or that the sequence is too diverged to be recognized using our criteria (see Materials and Methods). Out of 29 S. cerevisiae essential genes, only three (DNA2, RFA3, and DDC2) are not perfectly conserved in all four hemiascomycetes studied (table 1). This suggests that most of the essential genes in S. cerevisiae also encode products that are essential (or at least important enough to be selected for) in the four other species. Seven genes in our list of 106 S. cerevisiae genes are split by an intron. Only two of these contain an intron in at least one of the four other hemiascomycetes. Similarly, five introns are predicted by the sequence in the four newly sequenced hemiascomycetes, but none of them is found in the same gene in at least two species. This suggests that introns are differentially lost and acquired during evolution, in accordance with a former study on 13 partially sequenced hemiascomycetous yeasts (Bon et al. 2003) .
High Conservation of Genes Involved in S-Phase Replication
It is not surprising that almost all the proteins playing a role in chromosome replication (Burgers et al. 2001) are conserved throughout the hemiascomycete evolution. One notable exception however, is Rfa3p, one of the tripartite components of the yeast single-strand binding protein complex, which is not detected in D. hansenii and Y. lipolytica, the two other members (Rfa1p and Rfa2p) of the same heterotrimeric complex being found. No RFA3 gene relic was found in these two species. In addition, the gene encoding Dna2p, involved in processing Okazaki fragments, contains 
Replication, Recombination, and Repair in Yeasts 1013 three in-frame stop codons in Y. lipolytica and thus is most probably not properly translated. Dna2p function is at least partly redundant with Rad27p, suggesting that Rad27p is necessary and sufficient to process Okazaki fragments in Y. lipolytica, or that the translated N-terminal part of the Dna2 protein is sufficient to carry out its essential function.
TOP1 and SGS1 are specifically duplicated in C. glabrata (table 1). The two copies of C. glabrata Top1p (CAGL0E02431g and CAGL0J11660g, supplementary table) are almost perfectly aligned with ScTop1p, except in the N-terminal part of the protein. Synteny shows that CAGL0E02431g is the correct orthologue, the other copy being present in a duplicated chromosomal block present in both S. cerevisiae and C. glabrata (G. Fischer and B. Dujon, unpublished data). The duplicated copy was conserved in C. glabrata but not in S. cerevisiae in which no trace of a pseudogene or a relic could be found in the duplicated block (I. Lafontaine and B. Dujon, unpublished data). Consistent with that, the phylogenetic tree shows that CAGL0E02431g is the closest homologue of ScTop1 ( fig. 1A ). Calculation of synonymous (Ds) and nonsynonymous (Dn) substitutions show that Ds values are very high (Ds . 5). Because synonymous sites are saturated, Dn/Ds ratios are not a reliable measure of evolutionary rates. Hence, we took in consideration only Dn values. They are low and similar for both paralogues (Dn CAGL0E02431g 5 0.22; Dn CAGL0J11660g 5 0.18, as compared to S. cerevisiae). This suggests that both genes have evolved at a similar rate and have both probably retained their catalytic activity. Two copies of Sgs1p were found in C. glabrata (CAGL0L00407g and CAGL0H00759g). According to synteny results, CAGL0L00407g is the correct orthologue, and CAGL0H00759g is found in a duplicated block in S. cerevisiae and C. glabrata only (G. Fischer and B. Dujon, unpublished data). Like previously, the copy in the duplicated block has been erased, and no trace of a pseudogene or relic can be detected in S. cerevisiae. (I. Lafontaine and B. Dujon, unpublished data) The phylogenetic tree shows that the closest homologue of ScSgs1p is CAGL0L00407g, the other copy being more diverged ( fig. 1B) . Interestingly, the duplicated copy is shorter than the orthologue. It is deleted for the N-terminal part containing the Top3-binding domain and the C-terminal part containing the DNA-binding domain of the Sgs1 protein ( fig. 2) . Again, synonymous sites are FIG. 1.-Phylogenetic tree of TOP1, SGS1, and SRS2 families. Trees were obtained by the maximum likelihood method. Branch lengths are estimated under the model of amino acids substitution JTT (Jones, Taylor, and Thronton 1992) . Percentages of bootstrap values for internal nodes are indicated on each branch (see Materials and Methods for details). When the number of homologous sequences among the Génolevures species was less than 10, additional homologous sequences were retrieved among the other available fungal genomes. (A) phylogeny of TOP1. (B) Phylogeny of SGS1. (C) Phylogeny of SRS2, which is a subset of a larger family of 10 members, also containing HMI1, a mitochondrial helicase and its three orthologues. (D) phylogenetic tree of the five yeast species studied here (Dujon et al. 2004) . Numbers refer to the branch in which gene duplications occurred. 1: HMI1/SRS2 duplication. 2: SRS2 tandem duplication. 3: TOP1 and SGS1 duplications. Sace: S. cerevisiae, Sapa: S. paradoxus, Saba: S. bayanus, Saca: S. castellii, Sakl: S. kluyveri, Saku: S. kudriavzevii, Cagl: C. glabrata, Klwa: K. waltii, Klla: K. lactis, Caal: C. albicans, Deha: D. hansenii, Yali: Y. lypolytica, Scpo: Schizosaccharomyces pombe.
saturated, but Dn values are low. However, the Dn value of the duplicated copy is higher than that of the orthologue (Dn CAGL0L00407g 5 0.2; Dn CAGL0H00759g 5 0.46, as compared to S. cerevisiae), meaning that not only the copy lost two important parts of the protein (still retaining the helicase motif) but also the remaining part diverged more rapidly.
Genes Involved in DNA Repair
NER is the main mechanism used to remove pyrimidine dimers induced by UV cross-linking or chemical damage such as those caused by benzopyrene, aflatoxin, and cisplatin (Lindahl and Wood 1999) . In humans, NERdefective individuals are affected by xeroderma pigmentosum (XP) a disorder associated with hypersensitivity to sunlight and a 1,000-fold increase in the occurrence of skin cancer as compared to normal individuals. The S. cerevisiae homologues of XP genes are conserved in other yeast species (table 1) . The transcription-coupled repair pathway is not completely conserved in K. lactis and Y. lipolytica because they both lack RAD28, the yeast homologue of human CSA involved in Cockayne syndrome. Genes involved in the mutational repair pathway (RAD18, RAD6) and its dedicated error-prone DNA polymerase REV3 (Pol f) are well conserved in all species, as well as the postreplicational repair helicase RAD5. Interestingly, the RAD6 gene, which is the most highly conserved of all 106 genes among the five species ( fig. 3A) Mullen, Kaliraman, and Brill (2000) . For each protein the number of amino acids (according to the NCBI genome annotation, in the case of the five human orthologues) is indicated above the C-terminus. Right: amino acids surrounding the DEAH motif (bold) are shown. In RecQ5, two DEAH motifs are present in the protein, separated by 340 amino acids.
b-like DNA polymerase involved in base excision repair is not detected in D. hansenii. Finally, genes involved in the mismatch repair (MMR) pathway are completely conserved in C. glabrata and K. lactis. For the two more distant species, only the core MutS and MutL homologues, MLH1, MSH2, MSH3, MSH6, and PMS1 (Kolodner 1996) , are found (table 1) . Interestingly, MSH1 whose role is essential for maintenance of mitochondrial DNA is conserved in all four species.
Double-Strand Break Repair Genes
Genes in this category have been subdivided in two subclasses (table 1), those involved in NHEJ and those involved in homologous recombination (HR). DNA endjoining is a conserved process through evolution, from yeast to man. In human B and T lymphocytes, V(D)J recombination of immunoglobulin chains and of T-cell receptors is achieved by NHEJ, involving a number of genes including RAG1 and RAG2 (Grawunder, West, and Lieber 1998) . In S. cerevisiae, there is no Rag protein but the end-joining machinery is very well conserved, and NHEJ has been mostly studied in this organism using HO and I-SceI-induced DSBs (for review see Haber 1995) . It was recently shown that a V(D)J recombination substrate was correctly and precisely processed in yeast when the human RAG1 and RAG2 genes are coexpressed, showing that the whole yeast end-joining machinery is proficient to form signal joints (Clatworthy et al. 2003) . In hemiascomycetes, the Ku complex is conserved, along with the Ligase IV orthologue (table 1). In the MRX complex, MRE11 and RAD50 are found in all species, whereas XRS2 is only detected in C. glabrata and K. lactis. XRS2 is the less well-conserved gene of the MRX complex, having no structural but a functional homologue in humans, called NBS1 (Carney et al. 1998) . TBlastn search on D. hansenii and Y. lipolytica, using NBS1 as the query sequence did not reveal any homologue either. Surprisingly, the Ligase   FIG. 3. -(A) Multiple alignment of the Saccharomyces cerevisiae RAD6 gene product with its four orthologues using the ClustalW software (Thompson, Higgins, and Gibson 1994) . Identical amino acids are shown by a star, amino acids belonging to a ÔstrongÕ group are indicated by a column, and amino acids belonging to a ÔweakerÕ group are shown by a single dot. The brackets show the location of the two introns in the Debaryomyces hansenii orthologue. Note the missing acidic tail in Yarrowia lipolytica. (B) Multiple alignment of the S. cerevisiae SPO11 gene product with its four orthologues using ClustalW. The conserved catalytic Tyr135 residue is boxed. Only the central well-conserved part of the protein is shown.
IV-interacting factor, LIF1, is only found in C. glabrata, whereas LIF2/NEJ1 is only found in K. lactis. LIF2/ NEJ1 is a haploid-specific gene that regulates the efficiency of NHEJ in yeast cells, depending on whether they express only one set of mating-type proteins (a or a proteins) or both sets (a and a proteins) (Frank-Vaillant and Marcand 2001; Valencia et al. 2001) . Because Lif2p was found to specifically interact with Lif1p in a two-hybrid screen (FrankVaillant and Marcand 2001) , it is therefore surprising that K. lactis does not have a recognizable LIF1 gene. The Sir1 protein, involved in silencing HMLa and HMRa loci in S. cerevisiae, was not detected in C. glabrata (Fabre et al. 2005) . This species has lost its ability to mate, supposedly because both a and silent mating-type cassettes are now expressed. Therefore, it is possible that selection pressure to keep the haploid regulator gene LIF2 in this species was abolished, eventually leading to the loss of this gene. Among genes involved in HR, the RAD52 gene product essential to this process is found in all four species along with the RecA homologue, RAD51, whose product catalyzes strand invasion and strand exchange (for review see Pâques and Haber 1999) . Rad54p, Rdh54p, and Exo1p are also well conserved, whereas other accessory proteins that facilitate HR, like Rad55p and Rad59p, are not found in the most distant species. Finally, two copies of Srs2p were found to be duplicated in tandem in K. lactis (KLLA0F14256g and KLLA0F14234g, supplementary table). Multiple alignments show that both copies are very well conserved in their N-terminal part, in which the UvrD helicase domain is found (data not shown). Phylogeny demonstrates that both copies are at the same distance from ScSrs2p ( fig. 1C ) and that Dn values are almost identical (Dn KLLA0F14256g 5 0.5; Dn KLLA0F14234g 5 0.42, as compared to S. cerevisiae). This suggests that either both copies have evolved at the same rate, that the duplication is fairly recent in the evolution of this yeast, or that there is a high level of gene conversion between tandemly duplicated genes. Tandem paralogues are often more conserved than dispersed paralogues; this is a general trend of tandem duplications (Dujon et al. 2004 ).
Weak Conservation of Genes Involved in Meiotic Recombination
HR during meiosis is a highly regulated process by which genetic information is reshuffled between homologous chromosomes (for review see Zickler and Kleckner 1998) . During this process, DSBs are generated by the Spo11p topoisomerase and then processed by the meiotic recombination machinery involving the Mre11p-Rad50p-Xrs2p complex. Spo11p is homologous to the A subunit of type VI topoisomerases, such as those found in archaebacteria (Bergerat et al. 1997 ). Homologues to SPO11 are found in all four yeast species, despite extensive sequence divergence. The Tyr135 residue essential for its catalytic activity is conserved, strongly suggesting that the four orthologues are functional in vivo ( fig. 3B ). The occurrence of crossovers is also regulated during meiosis, although little is known about the precise mechanism by which a recombination intermediate is resolved as a crossover or as a noncrossover, in vivo. It involves-at least-two different pathways: the Msh4-Msh5 pathway and the Mus81-Mms4 pathway. Msh4 and Msh5 proteins function as heterodimers in S. cerevisiae, and the corresponding mutants show a reduced frequency of meiotic crossovers as compared to wild-type strains (Pochart, Woltering, and Hollingsworth 1997) . The msh5 mutant is profoundly affected at an early stage during meiotic recombination, showing a decreased level of early recombination intermediates leading to crossovers (Börner, Kleckner, and Hunter 2004) . Their simultaneous absence in D. hansenii and Y. lipolytica might reflect a different mechanism to control crossovers in these species. The S. cerevisiae Mus81-Mms4 complex is able to process branched structures arising during mitotic or meiotic replication/recombination that are not canonical Holliday junctions (Fricke, Bastin-Shanower, and Brill 2005) . Mus81p is conserved in all species, whereas Mms4p was not found in Y. lipolytica. However, although Mus81p is known to be conserved throughout evolution, its partner is poorly conserved (Ö grünc x and Sancar 2003). It is therefore possible that a functional homologue of Mms4p is also present in Y. lipolytica but not detected.
The other genes involved in the meiotic recombination pathway are most of the time poorly conserved in D. hansenii and absent in Y. lipolytica, with the exception of MRE2, whose product is involved in the splicing of MER2 and MER3 messenger RNAs in S. cerevisiae. MER2 is predicted to contain an intron only in C. glabrata. Mre2p belongs to the U1 snRNP in S. cerevisiae and therefore splices many transcripts other than those involved in meiosis. It is thus probable that the MRE2 gene does not play a role anymore in meiotic recombination in K. lactis or D. hansenii. In conclusion, the only genes that are found in all five yeast species are genes involved in initiating recombination by making and processing DSBs (SPO11, MRE11, RAD50) in resolving recombination intermediates (MUS81) or the general splicing factor MRE2.
Checkpoint Proteins
Signaling DNA damage during the cell cycle is regulated by a series of proteins that activate the so-called ''checkpoints'' (for review see Zhou and Elledge 2000) . Most of them are conserved except in Y. lipolytica. RAD9 is the only gene that is missing in D. hansenii in addition to Y. lipolytica. Most probably, DDC2, which has a human functional homologue (ATRIP, table 1), is also conserved in Y. lipolytica but is too diverged to be recognized.
Conservation of DNA Maintenance Pathways During Evolution
Given that some of the pathways are very well conserved in the five hemiascomycetous yeasts (e.g., replication or NER proteins) and others are missing several components, we wanted to know if amino acid conservation was the same among the different pathways. We performed pairwise Smith-Waterman alignments between each S. cerevisiae protein and its putative orthologues. Percentages of identity are shown in figure 4 for each species in each pathway. The average identity for each pathway was also calculated. Note that proteins have been classified in a pathway according to one of their functions, although some of them act in several distinct pathways. The best example is the MRE11-RAD50-XRS2 complex, classified in the NHEJ pathway, but which is known to be involved in formation and processing of meiotic DSBs, S-phase checkpoint activation, and HR (for review see Haber 1998) . Nevertheless, when amino acid conservations of each pathway are compared, they generally follow the phylogenetic tree, i.e., C. glabrata is the closest to S. cerevisiae and Y. lipolytica is the farthest (fig. 4) . The only exception is the meiotic recombination pathway, in which the only three genes to be conserved in Y. lipolytica (MRE2, MUS81, and SPO11) show a higher identity to S. cerevisiae orthologues than the corresponding D. hansenii, K. lactis, and C. glabrata genes. In order to determine if evolutionary rates were similar in the five species for these three genes, we calculated the Dn and Ds rates of nonsynonymous and synonymous substitutions. Because informative sites are saturated (Ds . 5), we took into consideration only Dn values. Using this criterion, we confirmed that SPO11 and MRE2 (but not MUS81) evolved slower in Y. lipolytica (Dn SPO11 5 0.76; Dn MRE2 5 0.69, as compared to S. cerevisiae) than in D. hansenii (Dn SPO11 5 0.98; Dn MRE2 5 0.73, as compared to S. cerevisiae). As a control, we also determined the average level of amino acid conservation between all S. cerevisiae proteins and their orthologues in each of the four species and used it as a baseline (see Materials and Methods). As expected, conservation follows the phylogenetic tree, i.e., C. glabrata proteins share a higher percentage of identity with S. cerevisiae proteins (60%) than Y. lipolytica proteins (50%). Hence, the only pathway in which proteins reach the amino acid identity baseline in each species is the replication pathway; most of the others (and all of them in Y. lipolytica) are below the baseline. This suggests that proteins involved in pathways whose average amino acid conservation is under the baseline diverge more rapidly than the average orthologous proteome, perhaps reflecting more flexibility in proteins involved in repair and recombination than in proteins involved in replication. 
Protein Complexes
Among the 106 genes we have studied, many were known to encode products belonging to multiprotein complexes. One might expect that selection pressure would be the same for all members of a protein complex because if one of the members accumulates mutations faster than the other members, interaction between the different members could be rapidly lost and complex functionality disrupted. Therefore, one expects that in some cases all the members of a given complex are absent (they all evolved faster and are hence not recognizable anymore, Snel and Huynen 2004) . Out of 21 known complexes, 12 are found in all organisms and 1 (Msh4p-Msh5p) is found only in C. glabrata and K. lactis, suggesting that either MSH4 and MSH5 genes evolved faster and are not detected anymore in the two more distant yeast species or that they appeared in the common ancestor of S. cerevisiae and K. lactis. The last eight complexes contain one or two members that are not conserved in each species (fig. 5) .
Discussion
In the present study, we have analyzed the content of four fully sequenced hemiascomycetous yeast genomes to find orthologues of 106 S. cerevisiae genes involved in replication, repair, and recombination pathways. The aim of this work was (1) to identify orthologous pathways in other yeast species and to investigate the conservation of these pathways; (2) get insights into the evolution of genes involved in such pathways, particularly the frequency with which gene duplication/loss occurred; and (3) try to draw conclusions about the biological properties of these hemiascomycetous yeast species based on their gene content.
Conservation of Pathways
Pathways have been defined arbitrarily because many proteins belong to several pathways and therefore all pathways are interconnected with each other. However, despite such interconnection, some pathways such as meiotic recombination and checkpoints are less conserved than others, such as replication and NER. There are two independent criteria that may be used to estimate the conservation of pathways. The first-the presence/absence criterion-is used to determine the ratio of genes that are found in each species over the total number of genes in this pathway(table1).Thesecond-theconservationcriterion-is used to calculate the average conservation in amino acid of proteins belonging to a given pathway for each species (fig. 4) . Not surprisingly, the replication machinery comes first using both criteria, and almost all genes are present in each species and exhibit a high level of similarity with S. cerevisiae genes (table 1 and fig. 4 ). The NER pathway is very well conserved (all the genes are found in each species), but amino acid conservation is lower in K. lactis, D. hansenii, and Y. lipolytica than for proteins belonging to the HR pathway, in which many accessory proteins are not found in the more distant species (table 1 and fig. 4 ). In terms of presence/absence, the meiotic recombination machinery is missing several members, even in species related to S. cerevisiae. Most of the genes that are not found in C. glabrata and K. lactis belong to this pathway (table 1) . We found that, in general, proteins interacting with DNA are more conserved than structural proteins, proteins that are part of a scaffold and other cofactors. It is striking that Rad51p and Dmc1p catalyzing strand exchange reactions are the most conserved of their respective pathways. Simi- FIG. 5 .-Conservation of known protein complexes in hemiascomycetous yeasts. Left: protein complexes for which each species contains at least one member. Right: complexes in which at least one member is present in at least a species and absent in at least another.
larly, the Mre11p-Rad50p complex and Spo11p, necessary to make and process meiotic DSBs, are conserved along with Mus81p, involved in resolving recombination intermediates. All these proteins interact directly with DNA and are much more conserved than proteins involved in making the synaptonemal complex or other structural proteins and cofactors.
Gene Duplications During Evolution
Paralogous sets of genes play a key role in defining functional biological systems. For example, the MutS family of proteins contains six members in S. cerevisiae (MSH1-6, table 1), with distinct functions and specializations. Another example is the replicative helicase, formed by assembly of six distinct subunits, encoded by six different genes (MCM2-7), arising from successive gene duplications during evolution. In the present work, we found that both SGS1 and TOP1 were duplicated in C. glabrata and that SRS2 is tandemly duplicated in K. lactis. SGS1 encodes a DEAD/DEAH helicase of the RecQ/BLM/WRN family and has been shown to interact genetically with Top3p (Gangloff et al. 1994 ) and Top1p (Tong et al. 2001) and physically with Top2p (Watt et al. 1995) . The duplicated Sgs1p and the duplicated Top1p both arose from duplication events prior to the S. cerevisiae-C. glabrata speciation, and both duplicated genes have been conserved in C. glabrata and lost in S. cerevisiae ( fig. 1D ). Given that Dn values are rather low for both genes, it is probable that both duplicated proteins are under selection pressure in C. glabrata. This could imply being part of an alternative complex involved in replication and/or repair or being part of a Sgs1-containing complex that would be specific to the life cycle of this pathogenic yeast. Interestingly, the duplicated copy of Sgs1p lacks its N-terminal and C-terminal parts ( fig. 2 ) but retains the central helicase domain. It is therefore possible that it lost its DNA-binding activity but is still active as a helicase, maybe as part of a multicomponent complex. In humans, there are five homologues of Sgs1p, and two of them (RecQ5 and RecQL, fig. 2 ) are shorter versions, lacking either the N-terminal part (RecQL) or both the N-and C-terminal parts (RecQ5) but retaining their helicase domain. It is interesting that in C. glabrata, a short copy of Sgs1p was also found. We performed local and global alignments between the Sgs1p copy and the five human orthologues and concluded that although being a shortened version of Sgs1p, the C. glabrata copy is closer to WRN, BLM, and RecQ4 (RTS) than to the human RecQ5 and RecQL helicases. We therefore concluded that evolution of this protein family in C. glabrata and man was different. The Top1p duplication is interesting because this gene is duplicated in vertebrates but not in S. cerevisiae, Schizosaccharomyces pombe, or plants (Zhang et al. 2004 ). In vertebrates, one gene product is addressed to the nucleus and the other to mitochondria (Zhang et al. 2001) . In C. glabrata, the duplicated copy (CAGL0J11660g) is predicted to encode a nuclear product, but no obvious nuclear nor mitochondrial addressing signal could be found in the original gene (CAGL0E02431g; Y. Pommier, personal communication). However, we know that the S. cerevisiae orthologue functions in the nucleus. Hence, this suggests that both gene products in C. glabrata are nuclear, and therefore that the evolution of this protein family in C. glabrata and in vertebrates was also different. It was previously shown that the very conserved lysine residue (K41) in Srs2p was essential for the adenosine triphosphatase (ATPase) activity (Krejci et al. 2004 ). This residue is present among the five species in the center of the completely conserved motif 35 G 36 P 37 G 38 T 39 G 40 K 41 T 42 K 43 . In addition, in the duplicated copy of SRS2 in K. lactis, this motif is also completely conserved, suggesting that all the Srs2p orthologues are functional in the four other hemiascomycetes. The Hmi1p helicase is a paralogue of Srs2p in S. cerevisiae. Hmi1p is a mitochondrial protein and is essential for maintenance of mitochondrial DNA (Sedman et al. 2000) . It was found in all species except Y. lipolytica, and the phylogenetic tree shows that the duplication of the SRS2/HMI1 gene ancestor occurred in the common ancestor to S. cerevisiae and D. hansenii ( fig. 1C and D) . Consistent with this observation, the conserved ATPase motif in Hmi1p only differs by one amino acid (Thr 39 / Ser 39 ) from Srs2p. This conservative mutation is found in all four species in which a HMI1 orthologue is detected, strengthening the idea that the formation of paralogues occurred before speciation of our yeasts. Finally, it was shown that the C-terminal part of the Hmi1 protein contains the mitochondrial targeting signal (Lee et al. 1999) . Alignments of Srs2p and Hmi1p orthologues show that both proteins are very well conserved in the N-terminal part, containing the ATPase motif, but conservation of the C-terminal part is weak. Therefore, Srs2p/ Hmi1p is probably a case of gene duplication before speciation, leading after alteration of the C-terminal part of one of the duplicated copies to a specialization of function, with both proteins being DNA helicases but one addressed to the mitochondria and the other to the nucleus. Our results strongly suggest that in each case of gene duplication, both copies are probably functional and have retained their catalytic activity, although they might be active in different cell compartments and/or on different substrates (subfunctionalization) (Lynch and Conery 2000) .
Pathway Conservation, Evolution, and Yeast Biological Properties
We showed that genes belonging to the meiotic recombination machinery are poorly conserved in hemiascomycete species (in terms of presence/absence). However, K. lactis, D. hansenii, and Y. lipolytica undergo meiosis (Herman and Roman 1966; Kreger-van Rij and Veenhuis 1975; Casarégola et al. 2000) . This means that although most of the genes necessary to go through meiotic recombination in S. cerevisiae are not detected in other yeasts, they must have functional orthologues able to carry out similar functions. Interestingly, the most highly conserved protein of the HR pathway is Rad51p in each species, and the most highly conserved protein of the meiotic recombination pathway is Dmc1p in the three species in which it is detected (fig. 4) . Because DMC1 and RAD51 presumably come from the duplication of a common ancestor, our results suggest that this duplication occurred after the divergence between Y. lipolytica and the four other yeast species. It has also been proposed that organisms undergoing meiosis can be classified in two different groups (Stahl et al. 2004) . In group I, organisms do not depend on meiotic DSB-repair functions to achieve synapsis (Drosophila melanogaster, Caenorhabditis elegans, Neurospora crassa), whereas in group II organisms, synapsis may only occur if DSB-repair is functional (e.g., S. cerevisiae). In group II organisms, the DMC1, HOP2, and MND1 genes are found, whereas they are apparently absent in group I organisms. This would suggest that group I organisms have lost these three genes or that they have been independently acquired during evolution. Therefore, Y. lipolytica would be classified as a group I organism because none of these three genes is found, whereas the four other species all contain these three genes (table 1 and data not shown for MND1). In addition, the Msh4-Msh5 protein complex involved in crossover control is also missing in this yeast. Taken together, these data suggest that although Y. lipolytica undergoes meiotic recombination (Wickerham, Kurtzman, and Herman 1970; Gaillardin, Charoy, and Heslot 1973) , its properties are most probably very different from the four other hemiascomycetous yeasts.
In order to determine if the differences observed among the different yeast species for the NHEJ pathway could reflect a difference in the efficiency of DSB-repair mechanisms, we irradiated haploid cells with a source of c-radiation. c-Rays are known to induce single-and double-strand breaks in chromosomes, and resistance to ionizing radiations is a measure of how efficient the DSB-repair systems are in a given organism (Esposito and Wagstaff 1981) . At low energy (50 Gys), the four hemiascomycetes are slightly more resistant than a haploid S. cerevisiae strain to ionizing radiations (supplementary figure). At higher doses (300 Gys), all five yeast species show the same sensitivity to c-rays. We concluded that, most probably, no gene dramatically affecting the efficiency of DSB-repair was missing in the four species. This suggests again that the NHEJ pathway is functional, despite the apparent absence of some of its members. The higher resistance at low doses may be hypothesized by the existence of a more efficient pathway, for example HR with the sister chromatid, that would occur more often in those species as compared to S. cerevisiae, perhaps because of a longer S-G2 phase of the cell cycle. Further experimentation will be required to determine if cell cycles are the same in these five hemiascomycetes.
Supplementary Materials
One supplementary table: list of homologues in each yeast species.
One supplementary figure: comparison of survival to c-irradiation between the five hemiascomycetes.
SUPPLEMENTARY FIGURE. Comparison of survival to cirradiation between the five hemiascomycetes. For each haploid strain, approximately 300 cells were plated on YPGlu plates and irradiated at different doses (0, 50, 100, and 300 Gy) using a 137 Cs source, at a dose rate of 4 Gy/min. After 3 days of incubation at 30°C, survival was determined as the number of colony forming units (CFU) at each dose divided by the number of CFU at 0 Gy. The average of two independent experiments is shown for each species.
